Protein biogenesis is tightly linked to protein quality control (PQC). The role of PQC machinery in recognizing faulty polypeptides is becoming increasingly understood. Molecular chaperones and cytosolic and vacuolar degradation systems collaborate to detect, repair, or hydrolyze mutant, damaged, and mislocalized proteins. On the other hand, the contribution of PQC to cofactor bindingrelated enzyme maturation remains largely unexplored, although the loading of a cofactor represents an all-or-nothing transition in regard to the enzymatic function and thus must be surveyed carefully. Combining proteomics and biochemical analysis, we demonstrate here that cells are able to detect functionally immature wild-type enzymes. We show that PQC-dedicated ubiquitin ligase C-terminal Hsp70-interacting protein (CHIP) recognizes and marks for degradation not only a mutant protein but also its wild-type variant as long as the latter remains cofactor free. A distinct structural feature, the protruding C-terminal tail, which appears in both the mutant and wild-type polypeptides, contributes to recognition by CHIP. Our data suggest that relative insufficiency of apoprotein degradation caused by cofactor shortage can increase amyloidogenesis and aggravate protein aggregation disorders. apoprotein | ubiquitin ligase | protein aggregation
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PQC uses various strategies to recognize faulty and damaged proteins, and, apart from exposed hydrophobic patches, it has been difficult to identify structural features predictably determining the susceptibility of a protein to PQC recognition (9) . Learning to recognize mutant polypeptides might have been a nontrivial evolutionary task, given that somatic mutations are sporadic and diverse. Cofactor-free apoproteins would be a more consistent set of structurally deficient polypeptides. Vitamins from food or symbiotic microorganisms are biotransformed by cells into organic cofactors that then associate with apoproteins, thus completing functional maturation of the respective enzymes. For example, riboflavin, also known as vitamin B2, is the precursor of flavin mononucleotide (FMN) and flavin adenine dinucleotide (FAD) cofactors, which define a small, but highly important flavoproteome encoded by ca. 100 genes in humans (10) . Previous work with rats demonstrated that a riboflavindeficient diet strongly destabilizes some of the mitochondrial flavoproteins, such as isovaleryl-CoA dehydrogenase and shortchain acyl-CoA dehydrogenase (11) . More recently, cytosolic flavoprotein NAD(P)H:quinone oxidoreductase 1 (NQO1) was shown to unfold and become susceptible for degradation by 20S proteasome when cofactor free in vitro (12) .
We were intrigued by the possibility that wild-type proteins can be recognized by the PQC depending on their functional maturity and based on minor structural deficits. We set out to determine how general the destabilization of the flavoproteome is when the cofactor precursor is lacking.
Results
Depletion of Riboflavin Destabilizes the Flavoproteome. Murine melanoma cell line B16 was cultivated in riboflavin-free medium for 24 h followed by proteomics analysis. We were able to quantify 68 flavoproteins and found that their median abundance decreased by ca. 13% compared with the riboflavin-sufficient condition ( Fig. 1A and Datasets S1 and S2). In contrast, the median abundance of the remaining proteome (6,578 proteins) did not change essentially, arguing against the general suppression of protein biosynthesis. The difference between the two sets turned out to be highly significant (Mann-Whitney test, P < 0.001) and likely arises from the selective degradation of flavoproteins unable to bind the required cofactors. Indeed, proteasome inhibition partially or fully rescued 8 of the 10 most strongly affected flavoproteins ( Fig. S1A and Dataset S1). Thereby, four proteins reached quantities higher than seen in normal conditions. This increase must be caused by their high turn-over rate, because proteasome inhibition resulted in the accumulation of all four proteins in normal medium as well (Dataset S1). We repeated the analysis of the B16 melanoma proteome following 3 d of starvation in riboflavin-free medium. The average level of the flavoproteome (54 proteins) was reduced even more strongly, falling to 74% of the nonstarved control ( Fig. 1B and Datasets S3 and S4). Again, the rest of the proteome (5,883 proteins) did not change. Several flavoproteins bind flavins covalently; the rest interact with flavins Significance Newly synthetized enzymes must fold correctly and associate with cofactors to reach their functional state. Mutations often interfere with the structural and functional maturation and lead to unstable proteins. Here we demonstrate that cofactor deprivation caused by vitamin B2 deficiency results in the destabilization of a significant fraction of flavin-containing enzymes, even if they have wild-type sequences. The accumulation of conditionally unstable proteins would overload cellular protein degradation systems; consequently, these proteins would contribute to amyloidogenesis and protein aggregation disorders. Because nutritional deficits often develop in aging organisms, this study provides an additional, protein stability-based explanation of the connection between vitamin supplies and healthy aging. noncovalently, but strongly, showing dissociation constants between 10 −7 and 10 −10 M (13). High affinity implies that flavoproteins would not lose their cofactors readily and that when riboflavin supplies are reduced the apo state probably is populated mainly by newly synthesized proteins. Thus, a decrease of flavoproteome by 13% in 1 d might indicate highly efficient degradation of its newly synthesized fraction. Much higher degradation of flavoprotein would not occur when cells are starved longer because cells eventually stop proliferating (14) , apparently reducing protein synthesis along with other metabolic adjustments. To test the specificity of the destabilization, we looked at additional classes of cofactor-containing enzymes. Enzymes relying on vitamins B1, B3, or B6 for their structural and functional integrity were not destabilized under riboflavinfree conditions (Fig. 1C ). Enzymes containing thiamine or pyridoxal were up-regulated after longer starvation, probably as an adaptation to the metabolic stress imposed by the lack of riboflavin ( Fig. 1C , Lower).
Next, we analyzed in detail the cellular destabilization of NQO1, one of the most affected flavoproteins according to the mass spectrometry data. Complementary to the previous report that the increased riboflavin concentration in medium correlates with the accumulation of NQO1 (12) and in agreement with our proteomics data, the steady-state levels of NQO1 dropped in cells cultured without riboflavin, and the inhibition of proteasome rescued the enzyme from degradation (Fig. 1D ). The levels of α-synuclein remained unaffected ( Fig. 1D ). This result is important, indicating that the proposed function of NQO1 as an inhibitor of unselective degradation of disordered proteins (12) does not operate efficiently in our experimental system. Likewise, P53, another protein that might succumb to 20S hydrolysis in the absence of NQO1, was not degraded more under riboflavinfree conditions (Fig. S1B ). To assess the functional consequences of riboflavin depletion, we exploited NQO1 metabolization of a number of chemotherapeutics, including a benzoquinone class of heat shock protein 90 (HSP90) inhibitors, such as 17-(allylamino)-17-demethoxygeldanamycin (17-AAG), into more active derivatives (15) . HSP90, through association, protects a number of oncogenic kinases from degradation; consequently, HSP90 inhibition results in their degradation (16) . We predicted that lack of riboflavin, by causing a decrease in NQO1 protein levels ( Fig. 1D ), should affect cellular sensitivity to 17-AAG treatment. We added increasing amounts of 17-AAG and measured the extent of degradation of one of the HSP90 substrates, the B-Raf V600E mutant (17) . Indeed, higher concentrations of 17-AAG were needed to deplete the oncogene under riboflavin-free conditions (Fig. S2 ). The effectiveness of radicicol (18) , another HSP90 inhibitor from a chemically unrelated class that is not metabolized by NQO1, remained unchanged ( Fig. S2 ).
Cofactor-Free NQO1 Is Recognized by C-Terminal Hsp70-Interacting
Protein. One allelic variant of NQO1, the proline187-to-serine mutant (P187S), has been associated with different forms of cancer (19) . The mutant was shown to be unstable in cells (12, 20) , at least partially because of polyubiquitylation by the ubiquitin ligase C-terminal Hsp70-interacting protein (CHIP) (21) . We confirmed this destabilization by performing transient transfections of mutant NQO1 ( Fig. 2A ). Because the mutant is known to have reduced affinity for FAD [K d of 64 nM vs. 427 nM for wild-type and mutant NQO1, respectively (22)], we were intrigued by the possibility that the mutant and the FAD-free wild-type proteins share apo-staterelated structural features and thus might be recognized similarly by the cellular PQC machinery. To test whether CHIP can recognize apoNQO1, we prepared cells in which CHIP was deleted by means of CRISPR/Cas9 genome editing. Reintroduction of CHIP by transient transfection strongly sensitized wild-type NQO1 to riboflavin depletion (Fig. 2B ). There was some reduction of NQO1 upon riboflavin depletion in CHIP-free conditions as well ( Fig. 2B) ; this reduction might be attributed to the degradation of empty NQO1 by an additional mechanism. To analyze the recognition of mutant and wild-type apoNQO1, we set out to reconstitute this process in vitro using purified proteins ( Fig. S3 ). Structurally, apoNQO1 and the cofactor-containing protein turned out to be similar. The mutant displayed a slightly increased hydrodynamic radius (Fig. S3A) ; however, CD spectroscopy revealed a secondary structure similar to that of the wild type ( Fig. 2C) , an observation in agreement with a recent report (23) . Together with the lower melting temperature ( Fig. 2D ) and increased 8-anilino-1-naphthalenesulfonic acid (ANS) dye binding ( Fig. S3C ), these results indicated that mutant NQO1 populates native-like forms lacking tight packing. Although ANS binding was increased for apoNQO1, its fluorescence maximum was shifted compared with that of the mutant, indicating a specific ANS-protein interaction (Fig. S3C ). Indeed, ANS binding is a long-known property of cofactor-free proteins (24) and seems to occur in the cofactor pockets (25) .
Using purified components, we were able to reconstitute the direct ubiquitination of NQO1 by CHIP in vitro ( Fig. 2E ). As mutant NQO1, the wild-type apoprotein was recognized and ubiquitylated efficiently, and reloading of the enzyme with FAD rescued it from processing by CHIP ( Fig. 2E ). A higher than intracellular FAD concentration was needed for the latter effect (26), perhaps because loading flavoproteins with cofactors in vivo is an active and thus more efficient process (27) . There was some recognition of wild-type NQO1 (as purified), in accordance with the incomplete loading of the cofactor on recombinant flavoproteins (28) .
The C-Terminus Sensitizes NQO1 to Recognition by CHIP. We wondered whether the FAD-free wild-type NQO1 and the mutant with reduced affinity for the cofactor are recognized through the same structural determinants. Recent analysis of the mutant NQO1 indicated that the C-terminal tail loses its proper association with the core domain, especially when the NADH-binding pocket is not occupied (22, 29) . A protease sensitivity assay combined with Western blotting using a C-terminal tail-reacting antibody confirmed the rapid loss of the C-terminus by the mutant and the wild-type apoNQO1 (Fig. 3A) . Because wild-type and apoNQO1 seem to be very similar structurally ( Fig. 2C and Fig. S3A ), the protease sensitivity indicates that the latter has higher dynamics of the C-terminus. For the cellular PQC machinery, the undocked tail might represent a signal of defectiveness, and CHIP is well-suited to recognize the protruding C termini (30, 31) . Indeed, the recognition and ubiquitylation of apoNQO1 by CHIP were reduced by more than half in the presence of the C-terminal tail-reacting antibody (Fig. 3B ). This antibody most probably recognizes and stabilizes the docked conformation of the last 12 amino acids of NQO1. In accordance with the more pronounced C-terminal destabilization of mutant NQO1 (Fig. 3A) , the antibody was less efficient in protecting the mutant variant (Fig. 3B) . The same mechanism could underlie the weaker rescue of mutant NQO1 by FAD ( Fig. 2E) and is supported by a comparison of wild-type and mutant NQO1 in recent analyses (29) . These analyses further demonstrated that dicoumarol, an inhibitor of NQO1, can lead to strong accumulation of mutant NQO1 and some accumulation of the wild-type protein under normal riboflavin concentrations in cell culture (29) . Indeed, the crystal structure reveals van der Waals interactions between the inhibitor and phenylalanine236 of the C-terminal tail of NQO1 (32) . If the wild-type apoprotein is recognized via the protruding C-terminus, then dicoumarol should protect it also. Both in vitro ( Fig. 3C ) and in vivo ( Fig. 3D ) assays confirmed this prediction.
Tail-Free NQO1 Escapes Cofactor-Dependent Recognition. To investigate further the contribution of the C-terminal tail to the recognition of the cofactor-free state by PQC, we engineered and purified tail-truncated wild-type and mutant NQO1 (NQO1-Δ50) (Fig. S4 ). As expected, these variants showed greatly reduced ubiquitylation by CHIP in vitro (Fig. 4A ). Furthermore, the wild-type tail-free variant of NQO1 became insensitive to riboflavin-dependent degradation in vivo (Fig. 4B, lanes 1 and 3) . Because the loss of apo-state detection by PQC was complete, the result indicates that in cytosol not only CHIP but also additional cofactor-dependent degradation pathways did not operate upon apoNQO1 without C-terminal tail (Fig. 2B, lanes 3 and 4) . Although we cannot exclude the possibility that the tail is used for both recognition and ubiquitin chain attachment, the accumulation of ubiquitin-conjugated NQO1-Δ50 upon proteasome inhibition indicates that other ubiquitylation sites are also available and functional (Fig. 4B) . The in vitro melting stability of the apoNQO1-Δ50 (Fig. S4C ) did not differ greatly from that of full-length apoNQO1, suggesting that additional cellular factors support efficient cofactor-independent degradation of the truncated enzyme. Nature evolved its own truncated form of NQO1, the paralogue protein NQO2 (33) . With an rmsd of 0.73 Å over the shared similarity region of 219 Cα atoms (Fig. S5A) , NQO2 is very similar to the NQO1 except that it lacks the C-terminal 43 amino acids (Fig. 4C ). We purified recombinant NQO2, prepared its FAD-free form, and characterized them biophysically ( Fig. S5 B-F) . As predicted from the lack of the C-terminal tail, neither FADloaded nor apoNQO2 was recognized by CHIP (Fig. 4D) . The C-terminal domain of NQO1 is involved in binding the adenosine and diphosphate moieties of the co-substrate NAD(P)H, which is not used by NQO2; instead, NQO2 uses dihydronicotinamide riboside (NRH) (33) . One might speculate that NQO2 lost its C-terminal tail after it had switched to NRH, because this co-substrate does not need the C-terminal tail to stabilize its binding. Consequently, a different strategy must be used to detect and degrade FAD-free NQO2. While comparing the stability of the above proteins in a cycloheximide chase assay, we observed that PQC degraded mutant and truncated proteins very early compared with the fulllength apoNQO1 (Fig. S6) . As soon as 4-8 h after transfection, protein levels of different NQO1 variants became very different. This finding suggests that different arms of PQC operate with different efficiency, giving apoproteins more time to find their cofactors.
Cofactor Depletion Exacerbates Enzyme Aggregation and
Amyloidogenesis. If not cleared by proteasomal or vacuolar degradation, mutant proteins accumulate and lead to cellular dysfunction and protein aggregation disorders (4) (5) (6) . The coaggregation of metastable bystander proteins results in multifunctional defects (34, 35) . Are apoproteins more vulnerable to aggregation as well? To initiate aggregation in vitro, we used amyloid-β peptide (Aβ 1-42 ) from the amyloid precursor protein known to form amyloid plaques in Alzheimer's patients (36) . Different variants of NQO1 protein were incubated alone or together with Aβ 1-42 , and their coaggregation was analyzed by the filter trap assay. Alone, none of the proteins formed detectable aggregates (Fig. 5A , upper row on the upper filter). Excitingly, not only mutant, but also wild-type apoNQO1 was increasingly trapped in the aggregates (Fig. 5A ). NQO1-Δ50 variants were less susceptible for coaggregation with the amyloid, suggesting that PQC does recognize the same structural features that facilitate protein misfolding (Fig. 5A) . NQO2 coaggregation increased less in the absence of cofactor (Fig. S7A) , however, the comparison with NQO1 must be done cautiously, because different antibodies were used to detect NQO1 and NQO2.
We used amyloid-β peptide Aβ 1-42 fused to GFP (Aβ-EGFP) to test how riboflavin deficiency affects amyloidogenesis in vivo. Three days after transfection and upon riboflavin starvation, the lysates of the cells were prepared and fractionated into soluble and insoluble fractions. The comparison of starved cells with the cells from the normal conditions indicated that vitamin deficiency enhances aggregation (Fig. 5B) . Similarly, when analyzed microscopically, the fraction of aggregate-containing cells was consistently and significantly higher in riboflavin-deficient conditions (Fig. 5C ). Interestingly, we observed an increase in amyloid formation in cells upon riboflavin depletion even in the absence of exogenously introduced aggregation-prone protein (Fig. S7B ).
Discussion
Metastability of the cellular proteome is a fundamental principle of cell architecture (37) . Our study indicates that cofactor-free apoproteins constitute an additional set of potentially unstable proteins. Under cofactor shortage, the accumulation of structurally and functionally immature proteins could overload PQC, resulting in decreased clearance of misfolded polypeptides and increased aggregation. Nutritional deficits often develop in aging organisms due to gastrointestinal atrophy or atherosclerotic damage of the vasculature. Thus, the connection between vitamin supplies and healthy aging receives an additional, protein stability-based explanation with this study. The cofactor-based wild-type protein stabilization shows structural parallels to pharmacologic chaperone (PC) action on mutant proteins. PCs are small molecules developed to bind specific target proteins so that those proteins can assume their correct and functional 3D structure (38, 39) . A whole plethora of PCs has been developed and tested to stabilize mutant proteins underlying broad range of diseases, such as lysosomal storage disorders, cystic fibrosis, and various forms of amyloidosis. The use of high-dose vitamin therapy to treat genetic diseases and polymorphism, pioneered by Bruce Ames (40) , underscores the overlapping principles of action between PCs and endogenous enzyme cofactors.
Recent investigations have demonstrated the broad variety of amyloidogenesis (41) . One recent exciting example is the fibril-forming but SDS-soluble amyloid from RNA granules (42) . It will be important to investigate whether apoproteins can form classical amyloid or instead populate softer conformations and thus contribute only partially to conventional amyloid formation.
Materials and Methods
CD Spectroscopy. Far-UV CD spectra of proteins were recorded on a Jasco J-810 spectropolarimeter at 37°C in PBS. Three different repeat scans were obtained for each sample (10 μM) and were subtracted from the buffer (PBS) baseline. Data were collected in a 1-mm path cell (Hellma Analytics) from 250 nm to 200 nm in 0.5-nm steps at 50 nm/min. Fluorescent Melting Assay. A fluorescence-based thermal melting assay was performed using a CFX96 Real-Time PCR cycler (Bio-Rad Laboratories). Purified recombinant proteins (10 μM) were mixed with SYPRO Orange dye (Sigma-Aldrich). Fluorescence change was measured while raising the temperature from 20°C to 80°C in 0.5-°C/15-s steps (excitation at 450-490 nm, detection at 515-530 nm). The apparent melting temperature values were determined by calculating the first derivative of the fluorescence signal.
ANS Binding. ANS fluorescence at 20 μM was measured in the presence of 10 μM recombinant proteins at room temperature using Infinite M200 Pro Microplate Reader (Tecan) (excitation at 350 nm, emission scan from 400 nm to 600 nm). The background fluorescence of buffer was subtracted before the spectra were plotted.
In Vitro Ubiquitylation Assay. In vitro ubiquitylation reactions were carried out in ubiquitylation buffer [50 mM Tris HCl (pH 7.5), 50 mM NaCl, 10 mM MgCl 2 , 2 mM DTT, and 2 mM ATP] and contained 2.5 μM substrate (NQO1 or NQO2 proteins), 100 nM UBE1 (E1 enzyme; Boston Biochem), 2 μM Ubc5 (E2 enzyme), 5 μM CHIP (E3 enzyme), and 100 mM Ubiquitin from bovine erythrocytes (Sigma-Aldrich). Reactions were incubated at 37°C for 1 h and then were stopped by the addition of reducing SDS sample buffer and boiling samples at 95°C for 5 min.
Protease Sensitivity Assay. Recombinant proteins (30 μM) in PBS were subjected to limited proteolysis at 37°C by the addition of sequencing-grade trypsin (Promega) to a final concentration of 2 ng/μL. Reactions were incubated for 10, 20, and 40 min and then were stopped by the addition of reducing SDS sample buffer and boiling at 95°C for 5 min.
Coaggregation in Vitro. Human amyloid β-peptide (Aβ 1-42 ) (GenScript) at 10 μM was incubated with 5 μM of different recombinant proteins in 100 μL PBS at 37°C shaking at 300 rpm for 1 h. Wild-type NQO1 was supplemented with 100 μM FAD during this incubation to keep the enzyme fully loaded (A) Coaggregation of NQO1 and its different variants with Aβ 1-42 in vitro (n = 3, mean ± SD). apo, apoprotein; apo-Δ50, C-terminally truncated apoprotein; MUT, P187S mutant; MUT-Δ50, C-terminally truncated P187S mutant; WT-Δ50, C-terminally truncated wild-type NQO1. The amount of wild-type NQO1 that coaggregated with the amyloid (+Aβ) was set as 1. Proteins were detected using anti-NQO1 antibody (NQO1) or antiamyloid antibody (Aβ). (B) The aggregation of transiently transfected Aβ-EGFP (Aβ) in B16 cells was measured using a sedimentation assay. The ratios of Aβ-EGFP in different fractions were normalized to the ratio of Aβ-EGFP in the lysate before ultracentrifugation and are plotted (n = 3, mean ± SD). The significance of the difference between the means was determined using a one-tailed t test and is indicated. (C ) The aggregation of transiently transfected Aβ-EGFP in B16 cells was quantified microscopically. One typical cell with aggregated Aβ-EGFP is shown. (Scale bar: 50 μm.) The fractions of cells containing aggregates under normal and riboflavin-deficient conditions are plotted (n = 3, mean ± SD). The significance of the difference between the means was determined using a one-tailed t test and is indicated.
with the cofactor. Then 100 μL of 100 mM DTT/0.1% SDS/PBS was added for 5 min, and the solution was applied to a cellulose acetate filter (Sartorius Biotech) presoaked in 0.1% SDS/PBS, by using a 96-well Dot Blot Hybridization Manifold (Scie-Plas). Bound aggregates were washed five times using 50 μL 0.1% SDS/PBS. Membrane blocking and protein detection with the corresponding antibodies were performed as described for immunoblotting.
Sedimentation Assay. B16 cells were transfected with 30 μg Aβ-EGFP expression vector by electroporation at 270 V and 950 μF. After electroporation, cells were washed and incubated in normal medium overnight. Riboflavin deprivation and MG132 5-μM treatments were applied for 24 h. Proteasome inhibitor then was washed out, and riboflavin sufficiency or deficiency was continued for another 48 h (3 d in total). Cells were harvested and lysed in 300 μL lysis buffer [50 mM Tris HCl (pH 7.0), 150 mM NaCl, 2.5 mM MgCl 2 , and 0.5% Triton X-100]. Lysates were precleared at 21,380 × g for 5 min at 4°C and then were fractionated into soluble and pellet fractions at 53,227 × g for 30 min at 4°C.
Microscopy of Cellular Aggregates. B16 cells (1.5 × 10 6 ) were plated on a 10-cm dish. On the next day, they were transfected with 15 μg of Aβ-EGFP expression plasmid using polyethylenimine (PEI) (the ratio DNA:PEI was 1:3 using a 1 mg/mL PEI solution). Six hours later, the cells were trypsinized and replated on 12-well plates at 1.5 × 10 5 cells per well on poly-L-lysine-coated cover glasses. After 4 h, the cells were washed thoroughly with PBS, and medium was changed to normal or riboflavin-deficient medium with 5 μM MG132. Twenty hours later, the reversible inhibitor was washed out, medium was exchanged several times, and cells were incubated in normal or riboflavindeficient medium for 2 d. The cells were fixed for 1 h at room temperature with 4% paraformaldehyde/PBS, treated with 1 μg/mL DAPI for 3 min, and washed three times with PBS. The microscopy cover glasses were mounted with PBS, and cells were imaged using a Zeiss LSM 780 confocal microscope. At least 130 EGFP + cells were counted per condition to determine the fraction of cells with aggregates. The images were analyzed using ImageJ (43) . For additional information see SI Materials and Methods.
